Introduction
The criminalistics operation in the investigative process is to identify, evaluate, and interpret potential evidence or physical materials associated with crime situations. These materials frequently offer the most convincing means of relating a suspect to an act or a scene, or of showing that a person has been incorrectly suspected.
Methods that may be available to criminalists and that have been applied to evidence materials include conventional chemical analysis, optical microscopy, gas chromatography, spectrometry, and measurements of physical properties such as refractive index and density. When applying these techniques the criminalist usually compares the physical materials found at the scene of a crime, or known to be related to a crime, with those known to be related to the suspect. He then attempts to demonstrate convincing relationships, either negative or positive, from the results.
Because of practical limitations it is very often not possible to say unequivocally that two materials were derived from the same source, since no two things are exactly alike. In such cases the criminalist must examine all information available and then make an accurate estimate of the situation based on his past experience. Except for such evidence as clear fingerprints, very characteristic bullet rifling patterns, or other special cases, most evidence materials fall in the category described above. That is, the criminalist requires all the information that he can obtain to effectively compare and evaluate evidence materials.
Therefore, there is a critical need for new methods and instruments that can be used for the accurate interpretation of physical evidence, not to replace those techniques already in use, but to extend and enlarge the capabilities of forensic practitioners to individualize or convincingly assess the source relationships of evidence materials.
From the work carried out at JPL, it appears that thermoluminescence (TL) is one of the more discriminating methods available for differentiating between specific samples of several type of materials, including glass, soils, safe insulation, salts, and other nonmetallic solids. It was recently pointed out that a national survey of criminalists has indicated that improved methods are needed most for glass, hair, paint, soil, fibers, and blood, in that order (Ref. 1); therefore, it is believed that the application of TL methods would be of significant value for the investigation of a number of important types of evidence materials.
Thermoluminescence: Technical
Thermoluminescence (TL) is the emission of light that may occur when a material is heated to temperatures below incandescence (Ref. 2). The primary cause of these light emissions is previous exposure of the material to natural or laboratory ionizing radiation at or below the temperature at which heating is started. The radiant energy displaces some electrons in the solid; these electrons are trapped in imperfections and vacancies in the crystal lattice and escape with the emission of light when the temperature is raised to supply the required amount of kinetic energy. The color or wave length distribution of the light may vary over the entire visible spectrum and appears at different temperatures depending on the basic crystal structure, the presence of impurities or trace components, and the radiation, thermal, and pressure histories of the material.
For high temperature TL, which is the subject of this work, the temperature range is from room temperature to 723 K (450° C). TL response is recorded in about two minutes as temperature vs light intensity to give a TL curve. Since the responses, even for relatively pure materials, depend on several subtle variable factors such as concentrations of minor components and environmental history, the shapes of the TL curves often depend on the source of the particular material. For applications to criminalistics, TL response for a specific material is compared with the curve obtained under the same conditions for another sample of the same substance of known origin. If the curves are essentially identical, a common source is indicated for the two materials being compared.
Thermoluminescence: Literature TL was probably first described in the last half of the seventeenth century by Robert Boyle. In 1928 the coloration of glass by radioactivity followed by heating to bleach the color and evolve light was described by Lind (Ref. 3) . Also in the twenties, the TL responses of fluorite and carbonate minerals were observed (Refs. 4 and 5) . It was noted that after once being heated these materials would not again emit light on heating, but that TL could be regenerated by exposure to X-rays or radium. Urbach These included applications to uranium prospecting, radiation damage and dosimetry, geological age determinations of minerals and rocks, stratigraphy, catalysis, and identification and control of ceramic materials. Good results have been obtained by TL for archeological dating of pottery (Refs. 9 and 10). Since the intensity of TL of a sample depends on the extent of high temperature drainage, it has been used as a paleoclimatological tool to determine the time for glaciation of antarctic regions and to estimate microclimatic effects (Refs. 11 and 12). Although most TL investigations have been concerned with fairly welldefined minerals and materials, Nishita and Hamilton have studied a number of soil samples, especially from the point of view of using soils as radiation dosimeters (Ref. 13) , and a limited study of the stratigraphy of lunar samples by TL has been carried out (Ref. 14) . At JPL over 100 antarctic dry valley soil samples have been investigated by TL mainly to attempt to correlate microclimate and soil properties with TL responses, which were then related to microbial abundances. (Refs. 15 and 16).
Although there appear to be no previous investigations directed toward applications of TL to criminalistics, theoretical considerations and much of the work described in the literature indicate that TL responses are characteristic and may depend on the source of a particular material. For example, four samples of potassium bromide from different sources gave decidedly different glow curves (Ref. 17) . Differences characteristic of the source have also been observed for glass, clay, soils, seashore sand, and calcite (Refs. 2,18 and 19).
Results and Discussion
The scope of applications of TL to forensic investigations has not yet been fully defined. Therefore, this is essentially a progress report, with emphasis on the status of current methodology for high temperature TL (room temperature to 723 K (450° C)) as applied to materials such as glass and soil samples.
The samples were prepared by mild crushing or grinding, sieved to reasonably uniform particle size and exposed to laboratory irradiation. All samples to be compared were exposed to the same dose of ionizing radiation from a Cs 137 or Co 60 source. The TL curves were then recorded by heating each sample (~7 mg) at a rapid rate (~9 K/s) and measuring the light evolved vs temperature using a TL photometer (Fig. 1) . The light intensity range covered four decades from about 0.01 to 10 /u,/m, but was expressed in arbitrary units. A view of the current sample cup and resistance heated support ribbon is shown in Fig. 2 . The samples were volumetrically loaded into the cup by means of a microspoon. If the curves were exactly the same, or very different, they could be compared visually (cf Figs. 3 and  4) . However, for curves that were questionably similar, or for comparisons of all combinations of more than two or three curves, a statistical method was used (Ref. 20). The values of x 2 are used to compare curves; each x 2 value represents the magnitude of the absolute differences in areas between the two TL curves being compared. These values are calculated from: (1) in which E and O are the expected and observed events, respectively. The two curves to he compared are divided into 33 equal parts at 10 K intervals. The differences in light intensities at each interval are then measured from the chart to give 33 values of E -O. Since there is no rationale for defining which curve represents expected events or which represents observed events, E and O are interchanged in Eq. (1) values have been calculated from all possible combinations of the four, to give six pairs of values (that is, n(n -l)/2 equals 6.) By using probability paper, the mean (X) and standard deviation (S) were found to be 0.42 and 0.28, respectively. These could have been directly calculated with slightly more accuracy, but the probability plot was convenient and showed that the data could be reasonably well represented as a normal distribution. The threshold value of x 2 was used as a criterion for curve matching. Thus, if x 2 for a comparison of two curves for different lens glasses was less than the threshold value of x 2 ' a match of the two curves was indicated. In the example above, the threshold value was x 2 equals 1.26, obtained by adding three times the standard deviation to the mean. Three S was added to the mean because it has been found that for a normal distribution about 99.7% of the measurements fall in the range of X ±3S; thus, using only the four TL curves nearly all TL curves for lens AC No. 4201 should have x 2 values of less than 1.26 when compared with a lens sample known to be from this lens. However, it has been shown by Ojena, et al. (Ref. 21) , that variations in refractive index for the same auto headlamp lenses occur, probably because of differences in the annealing schedule at different positions of the lens. In agreement with their work, it was found that the x 2 value for a sample taken from the edge of lens AC No. 4201 was greater than 1.26 in two comparisons with the four AC No. 4201 samples discussed above. If this TL curve was included in the calculation of the threshold x 2 > the value was found to be 2.41. Since there is no reason to exclude this last sample, the larger threshold value was used for the comparisons of headlamp glasses shown in Table 1 . It can be seen that sample 1 matches 2 and 6; 2 matches 6; and 3 matches 5 and 6, which represents 89% success in differentiating among auto headlamp samples. 
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The above results clearly show that TL response is not a unique characteristic of auto headlamp samples at the present stage of development, and that the probability of coincidental matching can be quite high. If a threshold of X + 3S is used it appears that TL can only be used for exclusionary evidence, i.e., where the TL curves obviously do not match, or for preliminary investigations that might lead to further substantial evidence.
However, in the context of actual cases, it may be practical to decrease the threshold value. For example, when a threshold value of X + S equals 1.31 was used for the headlamp lens data in Table 1 , no coincidental matches were observed in the 45 comparisons. But this procedure would result in the observation of about 16% negative comparison results for samples obtained from the same material. Thus, by using a lower threshold value, existing data
indicate that coincidental positives can be greatly decreased, but that about one of six true positives would incorrectly appear to be negative. At least in those cases where positive matching would be incriminating, the assignment of a lower threshold value may be justified, since the loss of some evidence is not as serious as the application of invalid evidence.
In six comparisons of windshield glasses, the x 2 values for one comparison were 0.69, 1.72, which is a true coincidental match even if the threshold was substantially less than 2. A threshold value of 1.8 was determined for building window glass and the X 2 values were calculated for two samples. All three comparisons resulted in X 2 s that were well above the threshold values. Four additional samples all required different levels of irradiation to induce thermoluminescence, indicating there were no matches among these other four samples. These results show that TL may be more satisfactory for applications to building glass than for auto glass, but a larger statistical sample will be required for confirmation.
The situation is much more favorable for soil samples. Out of 630 comparisons involving 36 samples, there were only 15 (2.38%) coincidental matches, and these were obtained using a predetermined relatively high threshold x 2 value of 3.30. Furthermore, after making the comparisons it was found that only 6 of the 15 matching comparisons were purely coincidental: two of the remaining samples were taken from the same location, and the other matching pairs were taken from slightly different depths at the same location; thus the true coincidental matches involved only ~1% of the total number of comparisons. There were only four totally coincidental positive comparisons if the threshold x 2 value was taken as X + S = 2.52. Since all of these samples were collected from one northern California county, these results should not be applied universally without further confirmation. For example, it is possible that surface samples taken from a relatively large, rolling dune or desert area may give TL curves that are much more alike than the above results would predict.
Conclusions
Thermoluminescence appears to be a useful technique for the interpretation and evaluation of certain types of physical evidence materials. The degree of discrimination among soils is greater than for glass samples, which probably arises because of the standardization and quality control applied in the manufacture of glass, and its more constant composition. Preliminary work indicates that for most other materials, such as salts, relatively pure minerals and safe insulation, the overall differences in TL curves for each type of material are intermediate between glass and soils.
There are a number of things that should be done to further define the scope of applications and improve the methodology of TL. For example, the amount of data should be greatly increased to provide greater reliability in the statistical evaluation of results for different types of samples, preferably by criminalists who would he more familiar with potential forensic situations. There are also some instrumental and procedural modifications that may be warranted. These include examination of the effects of prior sample annealing, simple modifications of the sample pan to facilitate uniform loading, and inclusion of measurements of spectral distribution of TL light to greatly decrease the probability for coincidental matching of unrelated samples. These spectral measurements are feasible, either by obtaining a series of TL curves for each sample with different filters between the sample pan and detector, or by using a more elaborate TL photometer that records a series of spectra at small temperature intervals between room temperature and 723 K.
